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ABSTRACT
Objective To measure the effect of free access to the
scientific literature on article downloads and citations.
Design Randomised controlled trial.
Setting 11 journals published by the American
Physiological Society.
Participants 1619 research articles and reviews.
Main outcomemeasures Articlereadership(measured as
downloadsoffulltext,PDFs,andabstracts)andnumberof
unique visitors (internet protocol addresses). Citations to
articles were gathered from the Institute for Scientific
Information after one year.
Interventions Random assignment on online publication
of articles published in 11 scientific journals to open
access (treatment) or subscription access (control).
ResultsArticlesassignedtoopenaccesswereassociated
with 89% more full text downloads (95% confidence
interval76%to103%),42%morePDFdownloads(32%to
52%), and 23% more unique visitors (16% to 30%), but
24% fewer abstract downloads (−29% to −19%) than
subscription access articles in the first six months after
publication.Openaccessarticleswerenomorelikelytobe
cited than subscription access articles in the first year
afterpublication.Fiftyninepercentofopenaccessarticles
(146 of 247) were cited nine to 12 months after
publication compared with 63% (859 of 1372) of
subscription access articles. Logistic and negative
binomial regression analysis of article citation counts
confirmed no citation advantage for open access articles.
Conclusions Open access publishing may reach more
readersthansubscriptionaccesspublishing.Noevidence
wasfoundofacitationadvantageforopenaccessarticles
in the first year after publication. The citation advantage
from open access reported widely in the literaturemaybe
an artefact of other causes.
INTRODUCTION
Scientists seek out publication outlets that maximise
thechancesoftheirworkbeingcitedformanyreasons.
Citations provide stable links to cited documents and
make a public statement of intellectual recognition for
the cited authors.
12 Citations are an indicator of the
dissemination of an article in the scientific
community
34 and provide a quantitative system for
the public recognition of work by qualified peers.
56
Having work cited is therefore an incentive for
scientists, and in many disciplines it forms the basis of
a scientist’s evaluation.
67
In 2001 it was first reported that freely available
online science proceedings garnered more than three
timestheaveragenumberofcitationsreceivedbyprint
articles.
8 This “citation advantage” has since been
validated in other disciplines, such as astrophysics,
9-11
physics,
12 mathematics,
1314 philosophy,
13 political
science,
13 engineering,
13 and multidisciplinary
sciences.
15 A critical review of the literature has been
published.
16
The primary explanation offered for the citation
advantageofopenaccessarticlesisthatfreelyavailable
articlesarecitedmorebecausetheyarereadmorethan
their subscription only counterparts. Studies of single
journals have described weak but statistically signifi-
cant correlations between articles downloaded from a
publisher’s website and future citations,
1718 those
downloadedfromasubjectbasedrepositoryandfuture
citations,
19 and those downloaded from a repository
and a publisher’s website.
14
A growing number of studies have failed to provide
evidence supporting the citation advantage, leading
researcherstoconsideralternativeexplanations.Some
argue that open access articles are cited more because
authorsselectivelychoosearticlestopromotefreely,or
because highly cited authors disproportionately
chooseopenaccessoptions.
1420-22Thishasbeentermed
theselfselectionpostulate.
20Selfarchivinganaccepted
manuscript in a subject based digital repository may
provideadditionaltimeforthesearticlestobereadand
cited.
20-22 In the economics literature, self archiving is
much more prevalent for the most cited journals than
for less cited ones.
23 Similarly, a study of medical
journalsreportedthattheprobabilityofanarticlebeing
found on a non-publisher website was correlated with
the impact factor of the journal.
24 These findings
provide evidence for the self selection postulate—that
is, that prestigious articles are more likely to be made
freely accessible.
Previous studies of the impact of open access on
citations have used retrospective observational
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controlforobservabledifferencesbetweenopenaccess
and subscription access articles, it is unlikely to deal
adequately with the self selection bias because authors
maybeselectingarticlesforopenaccessonthebasisof
characteristics that are unobservable to researchers,
such as expected impact or novelty of results. As a
consequence, results from previous studies possibly
reflect this self selection bias, which may be creating a
spurious positive correlation between open access and
downloads and citations. To control for self selection
we carried out a randomised controlled experiment in
whicharticlesfromajournalpublisher’swebsiteswere
assigned to open access status or subscription access
only.
METHODS
The American Physiological Society gave us permis-
sion to manipulate the access status of online articles
directly from their websites. The selection and
manipulation of the articles was done by the research-
ers without the involvement of the journals’ editors or
society’s staff. From January to April 2007 we
randomly assigned 247 articles published in 11
journals of the American Physiological Society to
open access status (table 1). These articles formed our
treatment group and were made freely available from
the publisher’s website upon online publication. The
control group (1372 articles) was composed of articles
available to readers by subscription, which is the
traditional access model for the American Physio-
logical Society’s journals for the first year (fig 1). After
the first year all articles become freely available.
In the randomisation we included only research
articles and reviews. We excluded editorials, letters to
the editor, corrections, retractions, and announce-
ments. For those journals with sections we used a
stratifiedrandomsamplingtechniquetoensurethatall
categories of articles were adequately represented in
the sample. Because of stratification we sampled some
journals more heavily than others. To ensure an
adequate sample size we experimented on four issues
per journal, with the exception of Physiology and
Physiological Reviews, both of which publish bimonthly
and provided us with only two issues.
Wetestedtheeffectofpublisherdefinedopenaccess
on article readership and article citations. We mea-
sured four different proxies for article readership:
abstractdownloads,fulltext(HTML)downloads,PDF
downloads, and a related variable, the number of
unique internet protocol addresses (an indicator of the
number ofunique visitorsto an article). Wealso tested
the effect of publisher defined open access on article
citations; both the odds of being cited in the year after
publicationand thenumberofcitationstoeach article.
Sample size
The retrospective nature of previous studies did not
help us to predict our expected difference in citations,
although we assumed that it would be smaller than the
Articles excluded from analysis: editorials, letters to
editor, corrections, retractions, announcements (n=145)
Extreme outlier removed for
analysis of downloads (n=1)
Articles published in American Physiological Society journals, January to April 2007 (n=1764)
Enrolment
Allocation
Randomisation
Allocated to subscription based access
(n=1372, control group)
Allocated to open access
publication (n=247)
Analysis Articles in analysis of downloads (n=1371)
Articles in analysis of citation counts
  (n=1372)
Articles in analysis of downloads
and citation counts (n=247)
Fig 1 | Flow of study data
Table 1 |DescriptionofjournaldatasetofAmerican
PhysiologicalSociety.Valuesarenumbers(percentages)
unlessstatedotherwise
Variables No of articles
Open access
articles
American Journal of Physiology:
Cell Physiology
155 36 (23)
American Journal of Physiology:
Endocrinology and Metabolism
147 21 (14)
American Journal of Physiology:
Gastrointestinal and Liver
Physiology
134 22 (16)
American Journal of Physiology:
Heart and Circulatory Physiology
233 32 (14)
American Journal of Physiology:
Lung Cellular and Molecular
Physiology
109 14 (13)
American Journal of Physiology:
Regulatory, Integrative, and
Comparative Physiology
195 34 (17)
American Journal of Physiology:
Renal Physiology
140 18 (13)
Journal of Applied Physiology 201 27 (13)
Journal of Neurophysiology 278 39 (14)
Physiology 11 2 (18)
Physiological Reviews 16 2 (13)
Total 1619 247 (15)
Categorical properties (totals):
Research articles 1519 228 (15)
Review articles 100 19 (19)
Methods articles 29 7 (24)
Cover article 11 2 (18)
Press release 5 1 (20)
Total 1619 247 (15)
Mean (SD) continuous properties:
Authors 5.4 (2.8)* 5.2 (2.7)†
References‡ 53.4 (37.4)* 55.7 (83.4)†
Pages 9.4 (3.2)* 9.7 (6.2)†
*Open access.
†Subscription only.
‡Large standard deviation is result of few review articles, one with 1986
references.
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ture. The American Physiological Society agreed to
make 1 in 8 (15%) articles freely available. Based on a
0.7 standard deviation in log citations in the society’s
journals and a 0.8 power to detect a significant
difference(twosided,P=0.05),247openaccessarticles
allowed us to detect significant differences of about
20%. These calculations were based on equal sample
sizes and a two sided test. Given that our subscription
sample was much larger (n=1372) and that we did not
anticipateanegativeeffectasaresultoftheopenaccess
treatment, these calculations are conservative.
Data gathering and blinding
We were permitted to gather monthly usage statistics
for each article from the publisher’s websites. High-
Wire Press, the online host for the American Physio-
logical Society’s journals, maintains and periodically
updates a list of known and suspected internet robots
(software that crawls the internet indexing freely
accessible web pages and documents) and was able to
provide reports on article downloads including and
excluding internet robots. Article metadata (attributes
of the article) and citations were provided by the Web
of Science database produced by the Institute for
Scientific Information.
Freeaccesstoscientificarticlescanalsobefacilitated
through self archiving, a practice in which the author
(or a proxy) puts a copy of the article up on a public
website, such as a personal webpage, institutional
repository, or subject based repository. To get an
estimate of the effect of self archiving, we wrote a Perl
script to search for freely available PDF copies of
articlesanywhereontheinternet(ignoringthepublish-
er’s website). Our search algorithm was designed to
identify as many instances of self archiving as possible
while minimising the number of false positives.
Before randomisation we emailed corresponding
authors to notify them of the trial and to provide them
with an opportunity to opt out. No one opted out. An
open green lock on the publisher’s table of contents
page indicated articles made freely available.
Statistical analysis
Weusedlinearregressiontoestimatetheeffectofopen
access on article downloads and unique visitors. Our
outcome measures were downloads of abstracts, full
text (HTML), and PDFs, and the number of unique
internet protocol addresses (a proxy for the number of
unique visitors). Because of known skewness in these
outcomes,
25 we log transformed these variables. Our
principal explanatory variable was the open access
treatment(adummyvariable).Wecontrolledforthree
important indicators of quality that could influence
downloads: whether the article was self archived,
featuredonthefrontcoverofthejournal,andreceived
a press release from the journal or society. We also
controlled for several other attributes that could
influence downloads: article type (review, methods),
number of authors, whether any of the authors were
based in the United States, the number of references,
the length of the article (in pages), and the journal
impactfactor.Asarticlesarepublishedwithinissueswe
nested the issue variable within the journal variable.
Journals are considered a random variable and, by
necessity,soistheissuevariable.Wearenotconcerned
with estimating the effect of each of the 11 journals
participating in this trial but consider journals to
explain some variance in the model.
On2January2008weretrievedthenumberofarticle
citationsfromtheWebofScience.Asourtrialincluded
articles published at different times (January to April
2007), we dealt with the disparity in age of articles by
using a numerical indicator for each issue of a journal.
We estimated the effect of open access on citation
counts using a negative binomial regression model
with the same set of explanatory variables previously
described. We chose the negative binomial regression
model over a linear regression model because our
citationdatasetincludeda lotofzeros,andbecausethe
negativebinomialregressionmodelresultedinabetter
fit to the data than a linear regression model. The
negative binomial regression model is appropriate for
count data and is similar to the Poisson regression
model except that it can work with over-dispersion in
the data.
26
Finally, we used a logistic regression model to
estimate the effect of open access on the odds of
being cited, with the same set of explanatory variables
employed in the download and negative binomial
regression citation model. We used SAS software JMP
version 7 for the linear regression and logistic
regression and Stata version 10 for the negative
binomial regression. Two sided significance tests
were used throughout.
RESULTS
Figure 2 shows the effect of open access on article
downloads and unique visitors in the six months after
publication.Fulltextdownloadswere89%higher(95%
confidence interval 76% to 103%, P<0.001), PDF
downloads 42% higher (32% to 52%, P<0.001), and
unique visitors 23% higher (16% to 30%, P<0.001) for
open access articles than for subscription access
articles. Abstract downloads were 24% lower (−29%
to −19%, P<0.001) for open access articles. Moreover,
the effectofopenaccessonarticledownloadsseemsto
be increasing with time (see supplementary figure at
http://hdl.handle.net/1813/11049).
Foropenaccessarticles,knowninternetrobotscould
account for an additional 83% full text downloads, 5%
additional PDF downloads, 4% additional unique
visitors,anda12%reductionofallabstractdownloads.
Regression analysis showed that several character-
istics of articles had as much, or more, of an effect on
articledownloadsasfreeaccess(table 2).Forexample,
being a review article had the largest effect on PDF
downloads (100% increase, 95% confidence interval
74% to 131%). Having an article featured in a press
release from the publisher increased PDF downloads
by65%(7%to156%),andhavinganarticlefeaturedon
thefrontcoverofthejournalincreasedPDFdownloads
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more references, and those published in journals with
higher impact factors had significantly more down-
loads.
Twenty instances of self archiving could be identi-
fied, of which 18 were final copies from the publisher
andtwowereauthors’finalmanuscripts.Theestimated
effectofselfarchivingwaspositiveonPDFdownloads,
although non-significant (6%, −6% to 19%; P=0.36),
andessentiallyzeroforfulltextdownloads(−1%,−23%
to 27%; P=0.95).
Ofthe247articlesrandomlyassignedtoopenaccess
status, 59% (n=146) were cited after 9-12 months
compared with 63% (859 of 1372) of subscription
access articles.
The negative binomial regression model estimated
that open access reduced expected citation counts by
5% (incident rate ratio 0.95, 95% confidence interval
0.81 to 1.10; P=0.484) and that self archiving reduced
expected citation counts by about 10% (0.90, 0.53 to
1.55; P=0.716), although neither of these estimates are
significantly different from zero (table 3).
A supplementary logistic regression analysis based
on the same set of variables for articles estimated that
open access publishing reduced the expected odds of
being cited by about 13% (odds ratio 0.87, 95%
confidence interval 0.66 to 1.17; P=0.36, see supple-
mentary table at http://hdl.handle.net/1813/11049),
although this effect was not statistically significant.
DISCUSSION
Strongevidencesuggeststhatopenaccessincreasesthe
readershipofarticlesbuthasnoeffectonthenumberof
citations in the first year after publication. These
findings were based on a randomised controlled trial
of11journalspublishedbytheAmericanPhysiological
Society.
Although we undoubtedly missed a substantial
amount of citation activity that occurred after these
initial months, we believe that our time frame was
sufficienttodetecta citationadvantage,ifoneexists.A
studyofauthorsponsoredopenaccessintheProceedings
of the National Academies of Sciences reported large,
significant differences in only four to 10 months after
publication.
15 Future analysis will test whether our
conclusions hold over a longer observation period.
Previous studies have relied on retrospective and
uncontrolled methods to study the effects of open
access. As a result they may have confused causes and
effects (open access may be the result of more citable
papers being made freely available) or have been
unabletocontrolfortheeffectofmultipleunmeasured
variables. A randomised controlled design enabled us
tomeasuremoreaccuratelytheeffectofopenaccesson
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Fig 2 | Percentage differences (95% confidence intervals) in
downloads of open access articles (n=247) and subscription
access articles (n=1371) during the first six months after
publication. Downloads from known internet robots are
excluded
Table 2 |Linearregressionoutputreportingindependent
variableeffectsonPDFdownloadsforsixmonthsafter
publication
Variables
% Regression
coefficient (95% CI) P value
Fixed effect coefficient:
Open access 43 (34 to 53) <0.001
Cover article 64 (21 to 121) 0.001
Press release 65 (7 to 156) 0.024
Self archived 6 (−6 to 19) 0.361
Review article 100 (74 to 131) <0.001
Methods article 6 (−12 to 28%) 0.509
Any author from USA 0 (−5t o5 ) 0 . 9 5 0
No of authors* 5 (0 to 10) 0.069
No of references* 23 (13 to 35) <0.001
Article length (pages)* 17 (5 to 31) 0.005
Journal impact factor* 59 (28 to 97) 0.000
Intercept 1627 (1035 to 2529) <0.001
Random effects coefficient:
Journal 2 (0 to 5)† 9‡
Issue 0 (0 to 1)† 1‡
Residual 28 (26 to 30)† 90‡
Total 31‡ 100‡
F31, 1350=37.5, P<0.001, R
2=0.42.
*Log transformed.
†Variance component (%) (95% confidence interval).
‡Percentage of variance explained.
Table 3 |Negativebinomialregressionoutputreporting
independentvariableeffectsoncitationstoarticlesaged9to
12months
Coefficient Incidencerateratio(95%CI) P value
Open access 0.95 (0.81 to 1.10) 0.484
Cover article 0.93 (0.52 to 1.64) 0.789
Press release 1.23 (0.50 to 3.05) 0.654
Self archived 0.90 (0.53 to 1.55) 0.716
Review article 1.34 (1.01 to 1.78) 0.041
Methods article 0.62 (0.37 to 1.06) 0.079
Any author from USA 1.17 (1.04 to 1.32) 0.007
No of authors* 1.13 (1.01 to 1.26) 0.030
No of references* 1.42 (1.17 to 1.72) <0.001
Article length (pages)* 1.09 (0.86 to 1.38) 0.483
Journal impact factor* 1.39 (1.10 to 1.76) 0.006
Issue 1.26 (1.20 to 1.33) <0.001
χ
2
12, 1607=313.14, P<0.001, pseudo R
2=0.06, α for dispersion 0.43 (95%
confidence interval 0.35 to 0.54).
*Log transformed.
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founding effects.
Our findingthat open accessdoesnot resultin more
articlecitationschallenges established dogma
8-1315and
suggests that the citation advantage associated with
open access may be an artefact of other explanations
such as self selection.
Whereas we expect a general positive association
betweenreadershipandcitations,
1417-19webelievethat
our results are consistent with the stratification of
readers of scientific journals. To contribute mean-
ingfully to the scientific literature, access to resources
(equipment, trained people, and money) as well as to
the relevant literature is normally required. These two
requirements are highly associated and concentrated
among the elite research institutions around the
world.
727That we observed an increase in readership
and visitors to open access articles but no citation
advantage suggests that the increase in readership is
taking place outside the community of core authors.
Although we need to be careful not to equate article
downloads with readership (we have no idea whether
downloaded articles are actually read), measuring
success by only counting citations may miss the
broader impact of the free dissemination of scientific
results.
The increase in full text downloads for open access
articles in the first six months after publication (fig 2)
suggests that the primary benefit to the non-subscriber
community is in browsing, as opposed to printing or
s a v i n g ,w h i c hw o u l dh a v eb e e ni n d i c a t e db ya
commensurate increase in PDF downloads. The fact
thatinternetrobotswereresponsibleforsomuchofthe
initial increase in full text downloads (an additional
83%) compared with PDF downloads (an additional
5%) implies that internet search engines are helping to
direct non-subscribers to free journal content. Lastly,
the reduction in abstract downloads for open access
articles suggests that non-subscribers were probably
substituting free full text or PDF downloads (when
available) for abstract downloads.
We studied the effect of providing free access to
scientific literature directly from the publisher’s
website; however, scientific information can be dis-
seminated in many ways. Although the author-pays
openaccessmodelhasreceivedthegreatestamountof
attention, we should not ignore the many creative
access models that publishers use: the delayed access
model,withallarticlesbecomingfreelyavailableaftera
defined period after publication; the selective access
model, with certain types of articles (for example,
original research) being made freely available in
subscription access journals; or variations of the
models. Most scientific publishers allow authors to
post manuscripts of their articles on their own website
or in their institution’s digital repository. Funding
agencies, such as the National Institutes of Health
(United States) and the Wellcome Trust (United
Kingdom) have policies for self archiving. One model
for publication may not fit the needs of all
stakeholders.
28
Unanswered questions and future research
The discussion over access and its effects on citation
behaviourassumesthatarticlesarereadbeforetheyare
cited. Studies on the propagation of citation errors
suggestthatmanycitationsaremerelycopiedfromthe
papers of other articles.
29-31 Given the common
behaviour of citing from the abstract (normally
available free), the act of citation does not necessarily
dependonaccesstothearticle.Secondly,therhetorical
dichotomy of “open” access compared with “closed”
access does not recognise the degree of sharing that
takes place among an informal network of authors,
libraries, and readers. Subscription barriers are, in
reality, porous.
Our citation counts are limited to those journals
indexed by Web of Science. Because this database
focuses on covering the core journals in a particular
discipline, we missed citations in articles published in
peripheral journals.
We measured the number of unique internet
protocoladdressesasaproxyforthenumberofvisitors
to an article. We implied that the difference in number
ofvisitorsbetweenopenaccessandsubscriptionbased
articles(inourcase23%)representsthesizeofthenon-
subscriber population. A more direct (although more
laborious) method of calculating access by non-
subscribers would be to analyse the log transaction
filesofthe publisherand tocompare the listofinternet
protocol addresses from subscribing institutions with
the total list of internet protocol addresses. Because of
confidentiality issueswe didnot haveaccesstothe raw
transaction logs.
Open access articles on the American Physiological
Society’s journals website are indicated by an open
green lock on the table of contents page. Although
icons representing access status are a common feature
ofmostjournals’websites,thesemaysignalsomething
about the quality of the article to potential readers,
especially as open access articles have been associated
with a large citation advantage.
8-15 As a result, readers
may have developed a heuristic that associates open
access articles with higher quality. This quality signal
could have been imparted to those randomly assigned
to open access articles in our study and created a
positive bias on download counts.
Conversely,we were told by the publisherthat most
readers never view the table of contents pages. Most
people are referred directly to the article by search
engines, such as Google, or through the linked
references of other articles. Subject indexes, such as
PubMed, did not provide an indication of which
articles were randomly selected for open access. It is
likely that few readers were aware that they were
viewing a free article.
Finally, we do not understand whether providing
open access to articles had any effect on the behaviour
oftheauthorsastheypromotedtheirworktothewider
community. We are currently carrying out similar
randomised experiments with other journals in an
environment where neither authors nor readers are
aware of the access status of the article.
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can influence the accessibility and use of online
articles
3233; hence we are studying journals published
onasingleonlineplatform(HighWirePress).Wehave
recently expanded our open access experiment to
include an additional 25 journals hosted by HighWire
inthedisciplinesofmultidisciplinarysciences,biology,
medicine,socialsciences,andthehumanities.Thiswill
allow us to assess whether our results generalise to a
broader set of disciplines. We are also observing the
performance of 10 control journals that allow author
sponsored open access publishing. This will help us to
explore which confounding variables may explain the
citationadvantagethathasbeenwidelyreportedinthe
literature.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Studiessuggestthatopenaccessarticlesarecitedmoreoftenthansubscriptionaccessones
These claims have not been validated in a randomised controlled trial
WHAT THIS STUDY ADDS
Open access articles had more downloads but exhibited no increase in citations in the year
after publication
Open access publishing may reach more readers than subscription access publishing
The citation advantage of open access may be an artefact of other causes
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